Introduction {#S0001}
============

Chronic myeloid leukemia (CML) is a malignant myeloproliferative disorder, which is characterized by the production of large amounts of immature white blood cells[@CIT0001]. The BCR-ABL fusion gene produces a chimeric protein known as BCR-ABL with constitutive tyrosine kinase activity, which is considered to be the most critical cause of and another feature of CML.[@CIT0002],[@CIT0003] CML is a common hematologic neoplasm and accounts for \~20% of newly diagnosed cases of adult leukemia.[@CIT0004]

In clinical therapy, tyrosine kinase inhibitors (TKIs), which are specific inhibitors targeting BCR-ABL, have been widely applied in the clinical treatment of CML and significantly improved the survival rate of patients.[@CIT0005],[@CIT0006] Imatinib is the first TKI used as a CML treatment strategy that inhibits tyrosine kinase activity through blocking the inactive conformation of the BCR-ABL protein. Imatinib treatments exhibited high efficacy and low toxicity in patients with CML,[@CIT0007] and the primary TKIs resistance is not commonly observed in clinical practice. However, there remains a certain proportion of patients with CML who are not sensitive or develop drug resistance to Imatinib by a variety of cellular mechanisms.[@CIT0001],[@CIT0007]-[@CIT0009] As a result, screening for effective therapeutic targets in the progression of CML is essential, and will be useful to improve the chemotherapeutic effect of CML under Imatinib treatment.

Human S-phase kinase-associated protein 2 (Skp2) is an E3 ligase encoded by the *SKP2* gene.[@CIT0010],[@CIT0011] Skp2 is frequently upregulated in cancer and plays an important role in controlling cell cycle progression. In serum-starved cells, Skp2 overexpression promotes S-phase entry by inducing the accumulation of cyclin A and phosphorylation-dependent degradation of p27.[@CIT0012],[@CIT0013] Skp2 is also involved in the ubiquitination of other cell-cycle regulatory proteins, such as cyclin E and the transcription factor E2F1.[@CIT0012],[@CIT0014] Furthermore, accumulating evidence has indicated the function of Skp2 in anticancer drug resistance. For instance, Skp2 positively regulates MAD2 expression through the p27-CDKs-E2F1 pathway and inhibition of Skp2 sensitizes lung cancer cells to paclitaxel.[@CIT0010]

The molecular mechanism of deregulated-Skp2 in CML is, and remains to be an intensive area of research. Emerging evidence has demonstrated that amplification of the *SKP2* gene or upregulation of Skp2 is observed in CML and other hematopoietic malignancies.[@CIT0015]--[@CIT0017] More recently, Skp2 has been shown to mediate Myc-dependent transformation, and it was identified to be a direct Myc targeted-gene in human leukemia cells.[@CIT0018] In addition, Skp2 was demonstrated to be transcriptionally activated by BCR-ABL responsive to the PI3K pathway to promote p27 degradation and proliferation of chronic myelogenous leukemia cells.[@CIT0019]--[@CIT0021] Given the complexity of these identified signaling pathways that are associated with Skp2 dysregulation, fully investigating its potential underlying mechanisms remains a priority in order to further clarify the underlying pathogenesis of CML.

In the present study, we reported that Skp2 expression is significantly upregulated in patients with CML, which leads to the abnormal proliferation of CML cells. Furthermore, Skp2 is transcriptionally activated by CREB responsive to PI3K/Akt signaling, and it was revealed that inhibition of the PI3K/Akt pathway by specific inhibitors or by direct knockdown of Skp2 could sensitize the CML cell line K562 to Imatinib. Collectively, these data indicate that Skp2 is critical to the proliferation of K562 cells and inhibition of Skp2 sensitizes K562 cells to Imatinib treatment.

Materials and Methods {#S0002}
=====================

Ethical Statement {#S0002-S2001}
-----------------

This study was conducted in accordance with the Declaration of Helsinki and written informed consents were obtained from all patients and healthy donors.

Patient Samples Collection {#S0002-S2002}
--------------------------

Blood samples from 24 patients with newly diagnosed CML and 7 healthy donors were collected in this study with approval from the Ethics Committee of First Affiliated Hospital of Anhui Medical University. All methods were performed in accordance with the relevant guidelines and regulations.

Cell Lines {#S0002-S2003}
----------

HEK293T cells and the human chronic myeloid leukemia cell line K562 were purchased from Cell Bank of Chinese Academy of Sciences and cultured in RPMI 1640 medium containing 10% fetal bovine serum at 37°C under an atmosphere with 5% CO~2~.

Reagents and Antibodies {#S0002-S2004}
-----------------------

The PI3K inhibitor LY294002 was obtained from Sigma Aldrich (L9908, USA). The following antibodies for Western blot analysis were used in the present study: anti-CREB (Cell Signaling Technology; catalog no. 9197S); anti-Skp2 (Proteintech; catalog no. 15010-1-AP), anti-ACTIN (Proteintech; catalog no. 20536-1-AP), anti-PARP (Proteintech; catalog no. 13371-1-AP), anti-Flag (Sigma Aldrich; catalog no. F3165), anti-caspase-3 (Stressgene; catalog no. AAP-113).

Leukocyte Isolation {#S0002-S2005}
-------------------

Peripheral blood samples from healthy volunteers and patients with CML were treated with red blood cell lysis buffer (Sigma Aldrich; Merck KGaA) for 10 min with a gyratory shaker. Blood samples were then centrifuged at 500 x g at 4°C for another 10 min. Leukocyte pellets were washed and centrifuged again. The remaining leukocytes were collected for further experiments.

Luciferase Reporter Assay {#S0002-S2006}
-------------------------

In order to determine the effect of CREB on the Skp2 promoter, K562 cells were co-transfected with the pGL3-based luciferase reporters containing wildtype CREB binding site (WT) or mutant CREB binding site (MUT) and *Renilla* plasmids using lipofectamine2000. After 24 h transfection, the luciferase activities were measured using a Dual-Luciferase Reporter Assay System (Promega Corp.) and the firefly activity was normalized to the *Renilla* enzyme activity.

EdU Incorporation Assay {#S0002-S2007}
-----------------------

K562 cells with shRNA-control or shRNA-Skp2 were seeded in 24-wells plate for 72 h. According to the manufacturer's protocol, the EdU incorporation analysis was performed using an EdU assay kit (RibBio). Briefly, K562 cells were incubated in the medium containing 50 uM EdU for 2 h and then the nuclei were stained with Hoechst33342. The proportion of EdU positive cells was determined by fluorescence microscope (Olympus DP80).

ChIP Assays {#S0002-S2008}
-----------

ChIP assays were performed using the Millipore ChIP kit (17-371RF) and anti-CREB antibody as previously described.[@CIT0022] The specific primers (F: 5ʹ-TGTAATCTCAGCACTTTAGGA-3ʹ; R: 5ʹ-GAAATTTCACTCTTATTGCCC −3ʹ) were used to detect the bound DNA fragment using real-time PCR assays.

RNA Isolation and Reverse Transcription-Quantitative PCR (RT--qPCR) Analysis {#S0002-S2009}
----------------------------------------------------------------------------

The total RNA was isolated using Trizol^®^ (Invitrogen; Thermo Fisher Scientific, Inc.) reagent. A total of 1μg of RNA was used to synthesize cDNA using the PrimeScript^TM^ RT reagent kit (TaKaRa). RT-qPCR was performed using SYBR Green RT-PCR kit (TaKaRa) with the specific primers and analyzed by the Stratagene Mx3000p (Agilent Technology). The primers used in this assay were as follows: Skp2, Forward: 5ʹ-AGTCTCTATGGCAGACCTTAGACC-3ʹ and Reverse: 5ʹ-TTTCTGGAGATTCTTTCTGTAGCC-3ʹ.

RNA Interference {#S0002-S2010}
----------------

In order to knockdown the expression of Skp2, PLKO.1-based Skp2 shRNA plasmids were constructed. PLKO.1 based shRNA-Skp2 plasmids were co-transfected with pREV, pGag and pVSVG at the ratio of 2:2:2:1 into HEK293T cells. 48 h after transfection, lentiviral supernatant were collected and used for the target cells infection. The sequences used to construct shRNAs were as follows: Skp2: 5ʹ-GCCTAAGCTAAATCGAGAGAA-3ʹ and 5ʹ-CCATTGTCAATACTCTCGCAA-3ʹ.CREB:5ʹ-GCTCGATAAATCTAACAGTTA-3ʹ and 5ʹ-GCAAACATTAACCATGACCAA-3ʹ; Akt:5ʹ-GCATCGCTTCTTTGCCGGTAT-3ʹ and 5ʹ-CGCGTGACCATGAACGAGTTT-3ʹ

Lentiviral Overexpression of Skp2 {#S0002-S2011}
---------------------------------

HEK293T cells were co-transfected with pCDH-Flag-Skp2, pSPAx2 and pMD2.g at the ratio of 2:1.5:1. 48 h after transfection, lentiviral supernatant was used for K562 cells infection.

Western Blot Analysis {#S0002-S2012}
---------------------

Protein samples were extracted using RIPA lysis buffer (Sangon) containing protease inhibitor cocktail (Beyotime). Then, protein lysates were subjected to SDS-PAGE and transferred onto nitrocellulose membrane (EMD, Millipore). The membrane was blocked with 5% milk and probed with the indicated antibodies, and then visualized using HRP substrate kit (EMD, Millipore).

The Caspase 3/7 Activity Assay {#S0002-S2013}
------------------------------

The caspase3/7 activity assay was performed using a caspase3/7 assay kit (Promega Corp. G8090) according to the manufacturer's protocol. The activity of caspase3/7 was normalized to protein concentration.

Cell Viability Assay {#S0002-S2014}
--------------------

A total of 1 × 10^3^ K562 cells with different treatment were incubated in 96-wells plates for 24 h, and following exposure to 1μM Imatinib for another 24 h, cell viability was evaluated via MTT assay and analyzed with a microplate reader at a wavelength of 490 nm.

Statistical Analysis {#S0002-S2015}
--------------------

Statistical analysis was performed using Microsoft Excel software (Microsoft) and GraphPad Prism Software (GraphPad). Differences between experimental groups were assessed using Student's *t*-test. P\< 0.05 was considered to indicate a statistically significant difference.

Results {#S0003}
=======

Aberrant Expression of Skp2 in Patients with CML {#S0003-S2001}
------------------------------------------------

Previous studies have revealed that aberrant expression of Skp2 may induce multiple hematological malignancies.[@CIT0023],[@CIT0024] With the objective of deciphering the regulatory networks of Skp2 in CML, the present study first compared the expression levels of Skp2 in leukocytes from patients with CML and normal blood samples. Leukocytes from 24 patients with CML and 7 healthy donor blood samples were collected and analyzed by RT-qPCR. As presented in [Figure 1A](#F0001){ref-type="fig"}, CML samples exhibited significantly upregulated Skp2. In order to further investigate this observation, the expression levels of Skp2 protein were analyzed via Western blotting, and the CML samples exhibited relatively higher levels of Skp2 than the healthy controls ([Figure 1B](#F0001){ref-type="fig"} and [C](#F0001){ref-type="fig"}). Thus, these data demonstrated that the expression levels of Skp2 were aberrantly upregulated in patients with CML.Figure 1Skp2 is upregulated in patients with CML. (**A**) Real-time-PCR analysis of Skp2 mRNA expression in the healthy donors and patients. Data are shown as mean ± SD; n = 3 independent experiments, two-tailed paired Student's *t*-test. \*\*\*P \< 0.001 versus healthy donors. (**B**) Skp2, phosphorylated-CREB and phosphorylated-Akt protein levels were evaluated by Western blot analysis in the healthy donors (1--7) and patients with CML (1--24). (**C**) The relative intensity of Skp2 was quantified using ImageJ software. Data are shown as mean ± SD; two-tailed paired Student's *t*-test. \*P\<0.05 versus healthy donors.

Skp2 Is Critical for CML Cell Proliferation {#S0003-S2002}
-------------------------------------------

The present study next investigated the role of Skp2 in K562 cells, a cell line frequently used as a model of CML. Skp2 was knocked-down in K562 cells ([Figure 2A](#F0002){ref-type="fig"}), and when compared with scrambled, Skp2 shRNA induced a dramatic decrease in the cell proliferation rate of K562 cells ([Figure 2B](#F0002){ref-type="fig"}). Meanwhile, the EdU assay also demonstrated that the proliferation capacity of K562 cells was significantly lower following Skp2 knockdown ([Figure 2C](#F0002){ref-type="fig"}). The present study next evaluated the effect of Skp2 overexpression on cell proliferation in K562 cells. In contrast with Skp2 deficiency, cell numbers were elevated by ectopic expression of Skp2 ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}). Consistently, Skp2 overexpression also resulted in a significantly increased proportion of EdU-positive cells in K562 cells ([Figure 2F](#F0002){ref-type="fig"}). Taken together, these results strongly suggested that Skp2 stimulates the proliferation of K562 cells.Figure 2Skp2 regulates CML cell proliferation. (**A**) The protein level of Skp2 in K562 cells expressing shRNA-ctrl, shRNA-Skp2-1 or shRNA-Skp2-2 were examined by Western blot analysis. (**B**) Cell proliferation rates were evaluated in K562 cells with and without Skp2 stable knockdown by cell count analysis. Data are shown as mean ± SD; n = 3 independent experiments, two-tailed paired Student's *t*-test. \*\*P\<0.01 versus shRNA-ctrl group. (**C**) K562 cells stably expressing shRNA-ctrl, shRNA-Skp2-1 or shRNA-Skp2-2 were stained with EdU and the nuclei were visualized using Hoechst 33342 staining (left). The ratio of EdU-positive cells to total Hoechst 33342-positive cells was presented from three independent experiments (right). Data are shown as mean ± SD; two-tailed paired Student's *t*-test.\*P\<0.05; \*\*P\<0.01 versus shRNA-ctrl group. (**D**) Cell lysates from K562 cells with ectopic expression of Skp2 were subjected to Western blot analysis with the indicated antibodies. (**E**) Cell numbers of K562 cells with ectopic expression of Skp2 were determined by cell count analysis. Data are shown as mean ± SD; n = 3 independent experiments, two-tailed paired Student's *t*-test. \*P\<0.05 versus the group with flag overexpression. (**F**) K562 cells with ectopic expression of Flag or Flag-Skp2 were stained with EdU and the nuclei were visualized using Hoechst 33342 staining (left). The ratio of EdU-positive cells to total Hoechst 33342-positive cells was presented from three independent experiments (right). Data are shown as mean ± SD; two-tailed paired Student's *t*-test. \*P\<0.05 versus the group with flag overexpression.

Skp2 Is Transcriptionally Regulated by CREB {#S0003-S2003}
-------------------------------------------

The present study investigated the molecular mechanism by which Skp2 is elevated in CML cells. The genomic sequence upstream of the Skp2 gene was analyzed using the JASPAR software.[@CIT0025] One putative CREB-binding region (BR) was identified within the promoter of Skp2 ([Figure 3A](#F0003){ref-type="fig"}). The subsequent ChIP assays indicated that CREB was associated with the chromatin fragment, including the putative CREB-BR of Skp2 promoter ([Figure 3B](#F0003){ref-type="fig"}). Furthermore, to test whether CREB indeed regulates Skp2 expression through binding with this potential CREB-BR, a series of pGL3-basic vector based luciferase reporter plasmids including the wild-type CREB-BR (WT) or a deletion of CREB-BR (MUT) were constructed in the present study ([Figure 3A](#F0003){ref-type="fig"}). These plasmids were transfected into K562 cells with or without CREB overexpression, and their transcriptional activities were measured using luciferase reporter assays. As presented in [Figure 3C](#F0003){ref-type="fig"}, the pGL3-based wild-type CREB-BR luciferase reporter construct, rather than the mutant construct or the pGL3 empty vector, exhibited CREB-responsive transcriptional activity, whereas knockdown of CREB diminished the wild-type CREB-BR reporter activity ([Figure 3D](#F0003){ref-type="fig"}).Figure 3Skp2 is a transcriptional target of CREB. (**A**) Schematic diagram of the putative CREB binding region located 2212--2223 bp upstream of the Skp2 transcriptional start site and the pGL3-basic based Skp2 promoter reporter constructs. (**B**) ChIP assays were performed in K562 cells with anti-CREB antibodies or rabbit IgG as a control. ChIP products for Skp2 along with GAPDH as a negative control were amplified by semi-quantitative reverse transcription-PCR. (**C**) K562 cells were co-transfected with the indicated pGL3-based luciferase reporter constructs containing the wild-type or mutant Skp2 promoter regions together with either Flag or Flag-CREB. After 24 h transfection, transcriptional activity was determined via luciferase assays (left). The successful ectopic expression of CREB was confirmed via Western blotting (right). Data are shown as mean ± SD; n = 3 independent experiments, two-tailed paired Student's *t*-test. \*P\<0.05 versus the group with pGL3 vectors. (**D**) K562 cells with and without CREB knockdown were co-transfected with the indicated reporter constructs. After 24 h transfection, cell lysates were subjected to luciferase analysis (left) and Western blot analysis (right). Data are shown as mean ± SD; n = 3 independent experiments, two-tailed paired Student's *t*-test. \*P\<0.05;\*\*P\<0.01 versus the group with pGL3 vectors. (**E**) Skp2 mRNA levels of K562 cells with and without CREB knockdown were determined via Real-time-PCR analysis (top) and the CREB protein level was examined via Western blot analysis with CREB antibody (bottom). Data are shown as mean ± SD; n = 3 independent experiments, two-tailed paired Student's *t*-test. \*P\<0.05 versus the group with shRNA-ctrl. (**F**) K562 cells were transfected with Flag, Flag-CREB or Flag-CREB S133A. After 24 h transfection, Skp2 mRNA levels were determined via Real-time-PCR analysis (top) and the successful ectopic expression of Flag-CREB and Flag-CREB S133A were confirmed via Western blotting (bottom). Data are shown as mean ± SD; n = 3 independent experiments, two-tailed paired Student's *t*-test. \*P\<0.05 versus the group with flag overexpression.

In addition, knockdown of CREB led to a dramatic decrease in the mRNA level of Skp2 in K562 cells ([Figure 3E](#F0003){ref-type="fig"}). Due to the transcriptional activity of CREB being enhanced following ser133 phosphorylation, the present study examined the effects of wild-type CREB and mutant S133A-CREB on Skp2 expression. As presented in [Figure 3F](#F0003){ref-type="fig"}, wild-type CREB, but not S133A-CREB, increased the mRNA level of Skp2.

To further examine the expression of Skp2 was correlated with the PI3K-CREB axis in CML, we analyzed the activation of Akt and CREB in patients with CML and healthy donors. As presented in [Figure 1B](#F0001){ref-type="fig"}, CML samples displayed relatively high levels of Skp2, pAkt and pCREB, whereas healthy controls associated with less Skp2, pAkt and pCREB. These results indicate that Skp2 expression is transcriptionally regulated by CREB and is positively correlated with PI3K-CREB axis.

Inhibition of PI3K/Akt-CREB-Skp2 Axis Sensitizes CML Cells to Imatinib {#S0003-S2004}
----------------------------------------------------------------------

In order to investigate the functions of Skp2 in the chemosensitivity of CML cells, the present study analyzed whether inhibition of Skp2 sensitize CML cell lines to Imatinib, a classic tyrosine kinase inhibitor for treating CML.[@CIT0026],[@CIT0027] Wild-type, CREB and Skp2 knockdown K562 cells were first treated with Imatinib individually to assess the cell survival rates. As anticipated, cell viability of K562 cells with CREB or Skp2 stable knockdown significantly decreased with Imatinib treatment ([Figure 4A](#F0004){ref-type="fig"}). Furthermore, knockdown of either CREB or Skp2 also resulted in a dramatic increase in caspase-3/7 activity in response to treatment with Imatinib ([Figure 4C](#F0004){ref-type="fig"}). And higher level of cleaved PARP and caspase-3 were observed in CREB or Skp2 stable knockdown cells following Imatinib treatment ([Figure 4D](#F0004){ref-type="fig"}), indicating that CREB- or Skp2-deficient cells are more vulnerable to apoptosis.Figure 4Inhibition of the PI3K/Akt/CREB/Skp2 axis sensitizes CML cells to Imatinib. (**A**) K562 cells stably expressing shRNA-ctrl, shRNA-Akt, shRNA-CREB or shRNA-Skp2 were treated with 1 μM Imatinib for 24 h. The cell viability was determined by MTT analysis and the relative cell viability was presented from triplicate experiments compared to the shRNA-ctrl group. Data are shown as mean ± SD; two-tailed paired Student's *t*-test. \*P\<0.05; \*\*P\<0.01 versus the group with the group with shRNA-ctrl. (**B**) K562 cells were pre-treated with DMSO or LY294002 for 4 h, followed by treatment with 1 μM Imatinib for another 24 h. MTT assays were used to determine the cell viability and the relative cell viability was presented by comparison with the control group. Data are shown as mean ± SD; n = 3 independent experiments, two-tailed paired Student's *t*-test. \*P\<0.05 versus the mock group. (**C** and **D**) K562cells with shRNA-ctrl, shRNA-Akt, shRNA-CREB or shRNA-Skp2 expression were treated with 1 μM Imatinib for 24h. Cell lysates were analyzed by (**C**) caspase3/7 activity and (**D**) Western blot analysis. Data are shown as mean ± SD; two-tailed paired Student's *t*-test. \*P\<0.05; \*\*\*P\<0.001 versus the group with the group with shRNA-ctrl. (**E** and **F**) K562 cells with and without LY294002 pre-treatment were also treated with 1 μM Imatinib for 24 h. Cell lysates were then subjected to (**E**) caspase3/7 activity assay and (**F**) Western blot analysis. Data are shown as mean ± SD; n = 3 independent experiments, two-tailed paired Student's *t*-test. \*P\<0.05 versus the mock group.

It has been reported that CREB is phosphorylated at Ser133 via the PI3K/Akt pathway and then activated.[@CIT0028] In order to determine the specific function of the PI3K/Akt pathway in inducing CREB activation and Skp2 expression, the K562 cells were treated with Akt shRNA or LY294002 to inhibit the PI3K-Akt pathway. Indeed, inhibition of the PI3K-Akt pathway significantly decreased Skp2 expression ([Figure 4D](#F0004){ref-type="fig"} and [F](#F0004){ref-type="fig"}). In addition, silencing of Akt or LY294002 treatment led to a noticeable decrease in cell viability with Imatinib treatment ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). Furthermore, either treatment with LY294002 or stable knockdown of Akt in K562 cells strongly enhanced caspase-3/7 activity in response to treatment with Imatinib ([Figure 4C](#F0004){ref-type="fig"} and [E](#F0004){ref-type="fig"}). Consistently, higher levels of caspase-3 activation and PARP cleavage were observed following Imatinib treatment in K562 cells with Akt knockdown or treatment with LY294002 ([Figure 4D](#F0004){ref-type="fig"} and [F](#F0001){ref-type="fig"}). Taken together, these results illustrate an important role of the PI3K/Akt/CREB axis in regulating the sensitivity of K562 cells to Imatinib via mediating Skp2 expression.

Discussion {#S0004}
==========

In the early 1970s, BCR-ABL kinase has been identified as the main cause of CML development.[@CIT0001] Specific inhibitors targeting BCR-ABL kinase, such as TKIs, have been in development for a number of years. Imatinib, one of the most widely used TKIs, inhibits the BCR-ABL kinase activity specifically and efficiently and has been listed as the preferred choice of drug in clinical CML therapy.[@CIT0005],[@CIT0006] However, oncogenic BCR-ABL has been discovered to be an effective drug target for decades, but the treatment of CML remains challenging. Not all the patients with CML are typical BCR-ABL kinase carriers, and some other dysregulated molecules, such as DNMT3A, may also promote the development of CML.[@CIT0029] In addition, the primary TKIs resistance is also commonly observed among patients with CML. The over-activated pathways in CML, including PI3K/AKT and MAPK/ERK signaling are potential targets for solving the issue surrounding TKIs resistance.[@CIT0030],[@CIT0031] The present study discovered that Skp2 was aberrantly upregulated in patients with CML compared with the healthy donors which was responsive to the PI3K/Akt signaling pathway and mediated Imatinib resistance in patients with CML. As mentioned in previous studies, the protein level of BCR-ABL was associated with the sensitivity to Imatinib.[@CIT0032],[@CIT0033] The present study also investigated the effect of the inhibition of PI3K/Akt/CREB pathway on BCR-ABL expression, and failed to detect any change in BCR-ABL under these conditions ([Figure 4D](#F0004){ref-type="fig"} and [F](#F0001){ref-type="fig"}). In agreement with the data in the present study, an increasing number of studies have demonstrated that BCR-ABL-independent resistance to Imatinib was associated with transcription factor NF-κB, HDACs and protein kinase C in CML, but not BCR-ABL[@CIT0009],[@CIT0034],[@CIT0035]. These data indicate that Skp2 is specifically responsive to PI3K/Akt/CREB pathway and contributed a BCR-ABL independent Imatinib resistance.

Skp2 was originally identified as an F-box protein and a member of the ubiquitin ligase SCF-Skp2 complex which also contains three other subunits RBX1, CUL1, and Skp1.[@CIT0024],[@CIT0036] Skp2 expression was regulated in a cell-cycle dependent manner and several proteins that participate in cell cycle control (such as cyclin E, E2F1, and p21) have been identified as substrates for Skp2.[@CIT0024] Skp2 functions as an oncogenic regulator in transformation assays and is frequently aberrantly expressed in human cancer[@CIT0023],[@CIT0024]. However, the role of Skp2 in CML remains largely unclear. A recent study reported that *Skp2* is an MYC-direct target gene, and Skp2 mediates the downregulation of MYC on p27 in leukemia cells.[@CIT0018] The present study provided evidence that Skp2 is highly upregulated in patients with CML, and knockdown of Skp2 significantly inhibits the proliferation of CML cells. The data from the present study uncover a previously unidentified role of Skp2 in association with CML cell proliferation.

The present study also demonstrated that the increase of Skp2 in CML is due to increased transcription mediated by the transcription factor CREB. It has been reported that CREB transcriptional activity was activated following its phosphorylation at Ser133 by various signaling pathways, such as PI3K/Akt and MAPK/ERK.[@CIT0037],[@CIT0038] The results of the present study demonstrated that CREB inactivation resulted in a significant decline of the mRNA level of Skp2, exhibiting a specific role of CREB in the upregulation of Skp2 in CML cells.

This study established that inhibition of Skp2 or the PI3K/Akt/CREB pathway significantly increased the sensitivity of K562 cells to Imatinib treatment. These results suggested that the PI3K/Akt/CREB/Skp2 axis may be involved in the primary sensitivity of K562 cells to Imatinib. Consistent with the results of the present study, a recent study reported that the constitutive activation of the PI3K/Akt signaling pathway contributes to the pathogenesis and survival of mantle cell lymphoma.[@CIT0039] Despite the detailed mechanism underlying this phenomenon still requiring further investigation, the results of the present study provide insights into potential therapeutic strategies for the treatment of CML that have primary resistance to the tyrosine kinase inhibitors.

Conclusion {#S0005}
==========

In conclusion, we found that Skp2 was transcriptionally upregulated by CREB responsive to the PI3K/Akt signaling pathway in CML and elevated expression of Skp2 was critical for CML cell proliferation. Moreover, our study confirmed that inhibition of Skp2 expression by shRNAs or blocking the PI3K/Akt/CREB pathway greatly enhanced the sensitivity of CML cells to Imatinib treatment. Our findings revealed an unknown role of Skp2 in CML progression and provides new aspects on the Skp2-modulated TKI sensitivity in CML.
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